C
irculating plasma cells at diagnosis, prior to auto-transplant and at relapse have a negative impact on survival in multiple myeloma. However, the impact of kinetics of circulating plasma cells along the course of illness has not been defined. We have analyzed 247 newly diagnosed multiple myeloma patients undergoing early autotransplant who had paired evaluation of circulating plasma cells at diagnosis and pre-transplant by 6-color flow cytometry. A total of 117 patients had no detectable circulating plasma cells at both time points (CPC-/-), 82 had circulating plasma cells at diagnosis followed by complete eradication after induction (CPC+/-) and 48 had circulating plasma cells at transplant, including persistence of cells (CPC+/+; n=45) or emergence of new cells (CPC-/+; n=3) after induction. The rate of posttransplant stringent complete response was 32% in the CPC-/-, 30% in CPC+/-and 12% in CPC+/+ or -/+ groups (P=0.018). At a median follow up of 58 months from transplantation, the median progression-free survival in the 3 respective groups were 30, 24 and 14 months, and the 5-year overall survival rates were 83%, 70% and 43% (P<0.001 for both comparisons). On a multivariate analysis for overall survival, the risk of mortality was higher in CPC +/-(hazard ratio 2.7, 95%CI: 1.3-5.8; P=0.009) and CPC+/+ or -/+ (hazard ratio 5.7, 95%CI: 2.5-13.1; P<0.001) groups compared to the CPC-/-group. Monitoring for circulating plasma cells before induction therapy and before transplant by 6-color flow cytometry is predictive of survival in newly diagnosed myeloma and should be incorporated into clinical trials.
Serial measurements of circulating plasma cells before and after induction therapy have an independent prognostic impact in patients with multiple myeloma undergoing upfront autologous transplantation Rajshekhar 
Introduction
The presence of clonal circulating plasma cells (CPCs) has a negative impact on survival in newly diagnosed and relapsed/refractory multiple myeloma (MM) [1] [2] [3] [4] despite the use of proteasome inhibitor (PI) and immunomodulator (IMiD)-based therapy. Furthermore, the presence of CPCs prior to autologous stem cell transplantation (ASCT) is a predictor of inferior progression-free survival (PFS) and overall survival (OS), independent of the post-induction depth of response. [5] [6] [7] However, the impact of changes in CPCs along the course of the disease has not been reported. Since MM is a multi-clonal disease with dynamic evolution along the course of illness, serial assessment of bone marrow (BM) and extramedullary disease burden is important in the treatment decision-making process. Using highly sensitive next-generation flow cytometry, clonal CPCs have been shown to be present in up to 96-100% of patients with newly diagnosed MM (NDMM). 8, 9 Hence, serial assessment of peripheral blood for detection of CPCs or cell-free DNA could be a feasible approach for detection of minimal residual disease (MRD) outside of the bone marrow. We hypothesized that the reduction of the CPC burden after PI and/or IMiD-based induction therapy would lead to an improved PFS and OS in NDMM patients undergoing upfront ASCT. To test our hypothesis, we retrospectively analyzed NDMM patients undergoing upfront ASCT with available data on paired measurement of CPCs before initiation of induction therapy and before ASCT.
Methods

Patients
This study was approved by the Mayo Clinic Institutional Review Board and was conducted in accordance with federal regulations and the principles of the Declaration of Helsinki. Informed consent was obtained from all patients for review of their electronic medical records. We have included all consecutive patients who had a serial evaluation for the presence of clonal CPCs at diagnosis (prior to initiating therapy) and prior to stem cell mobilization for ASCT by 6-color multiparameter flow cytometry (MFC). All patients underwent upfront ASCT (<12 months from diagnosis) in Mayo Clinic between January 2007 and May 2015 (the era of PI and IMiD-based induction therapy).
Mononuclear cells from peripheral blood samples were isolated by Ficoll gradient and stained with antibodies to CD19, CD38, CD45, CD138 and cytoplasmic kappa and lambda immunoglobulin light chains. 10 The CPCs were detected by analysis of CD19, CD45, CD38 and CD138. Clonality was assessed by light chain restriction [Kappa: lambda expression ratio of >4:1 (Kappa restricted) or <1:2 (Lambda restricted)]. The target for collection was more than 150,000 cellular events. The clonal CPCs were reported as the number of clonal PCs/150,000 total mononuclear cells. Patients were considered to be negative for clonal CPCs at a sensitivity of 10 -4 clonal plasma cells in all tested events. Patients were classified as having high-risk cytogenetics by fluorescent in situ hybridization (FISH) if they had deletion (17p), t(4;14), t(14;20), t(14;16) or +1q at diagnosis or at first presentation to the Mayo Clinic prior to ASCT.
The primary end point of this study was best post-transplant response, PFS and OS. Response was determined according to the current International Myeloma Working Group (IMWG) response criteria.
11 Best post-transplant response was defined as the best response at any time after ASCT. PFS was defined as time from ASCT to disease progression or death due to any cause. OS was defined as time from ASCT to death due to any cause. Patients who were alive and free of disease were censored at the last follow-up visit. Stem cell mobilization, conditioning and transplant management in the Mayo Clinic have been previously described.
12,13
Statistical analysis
Two-sided Fisher's exact tests were used to test for differences between categorical variables and two-sided Wilcoxon rank sum tests were used to compare continuous variables. Survival analysis was carried out using the method described by Kaplan and Meier. 14 Differences in survival between groups were tested for statistical significance using the two-sided log-rank test.
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Results
Baseline characteristics
A total of 247 patients had available data on paired evaluation of clonal CPCs at diagnosis and prior to ASCT in our database in the designated time period. The median age at transplant was 62 years (range, 25-76). Clonal CPCs were detected in 127 (51.4%) patients at diagnosis. The median number of clonal CPCs at diagnosis was 247/150,000 total collected events (range 1-88,383). A total of 117 (47.4%) patients did not have detectable CPCs at diagnosis and transplant (CPC-/-). Eighty-two (33.2%) patients had detectable CPCs at diagnosis followed by complete eradication after induction therapy (CPC +/-). Among patients with detectable CPCs at transplant (n=48; 19.4%), persistence of CPCs was seen in 45 patients (CPC +/+) and emergence of new CPCs (CPC-/+) was seen in 3 patients. The median percentage change in the number of CPCs at transplant from that at diagnosis in patients with incomplete resolution after induction therapy was -82% (range, -99% to +122%). There was no significant difference in the median number of CPCs at diagnosis in patients with complete (CPC+/-) or incomplete (CPC+/+) resolution of CPCs after induction therapy (median, 206 vs. 415, respectively; P=0.11). The median number of postinduction CPCs in patients with incomplete resolution of CPCs after induction therapy was 75/150,000 total collected events (range 1-9645). The 3 patients with emergence of new CPCs after induction had a total of 30, 10 and 168 CPCs/150,000 total collected events.
For analysis, we divided the patients into 3 groups based on the detection of CPCs before and after induction therapy: CPC-/-(n=117), CPC+/-(n=82) and CPC+/+ or -/+ (n=48). The baseline clinical characteristics in the 3 groups are shown in Table I . There was no significant difference in the ISS stage or revised-ISS stage at presentation in the 3 groups (P=0.181 and 0.113, respectively). Among primary cytogenetic abnormalities, the incidence of hyperdiploidy was significantly higher in patients with CPC-/-, compared to those with CPC+/-and CPC+/+ or -/+ (64%, 44% and 39%, respectively; P=0.005). On the other hand, the incidence of t (11;14) in patients with CPC-/-was 19%, compared to 29% in those with CPC+/-and 39% in patients with CPC+/+ or -/+ (P=0.033). There was no significant difference in the incidence of FISHdefined high-risk cytogenetic signatures (including deletion [17p], t [4;14] , t [14;16] , t [14;20] and/or +1q) in any of the groups (P=0.468). The proportion of patients with an elevated LDH level at diagnosis was 11% in CPC-/-, 15% in CPC+/-and 33% in CPC+/+ or -/+ groups (P=0.006); in other words, patients with elevated LDH had a higher incidence of having CPCs at diagnosis compared to those with normal LDH (42% vs. 17%). There was no statistically significant correlation between the kinetics of CPCs and LDH level at transplant. The proportion of patients with pre-transplant PCLI of bone marrow plasma cells (BMPCs) greater than 1 was higher in patients in the CPC+/+ or -/+ group (39%), compared to those in CPC+/-(26%) and CPC-/-groups (16%) (P=0.018), suggesting that proliferating plasma cell clones in the bone marrow were associated with the presence of CPCs resistant to clearance after induction therapy.
The median time from diagnosis to ASCT was six months, and was similar in the 3 groups. Patients with CPC+/+ or -/+ had a lower incidence of receiving only a PI-based induction regimen (P=0.011) and a trend towards a higher incidence of receiving both PI and IMiD-based induction regimens (P=0.074) prior to ASCT (Table 1) . There was no significant difference in the proportion of patients receiving triplet induction regimens in the CPC+/-and CPC+/+ or -/+ groups (68% vs. 56%; P=0.170). Very good partial response (VGPR) or better response prior to transplant was achieved in 40% of patients with CPC-/-, 50% in CPC+/-and 19% of patients with CPC+/+ or -/+ groups (P=0.001). The frequency of administration of haematologica | 2017; 102(8) 
Post-transplant response and survival
The median follow up was 58 months (95%CI: 50-64) from ASCT. Patients in CPC-/-and +/-groups had a higher incidence of achieving post-transplant stringent complete response (sCR), compared to those with CPC+/+ or -/+ (32%, 30% and 12%, respectively; P=0.018 for comparison of 3 rd with 1 st and 2 nd groups) ( Table 2 ). The Kaplan-Meier curves for PFS and OS are shown in Figure  1A and B. The median PFS from transplant in the 3 respective groups was 30, 24 and 14 months, respectively, and the 5-year OS rates were 83%, 70% and 43%, respectively (P<0.001 for both comparisons).
On a multivariate analysis (MVA) ( Table 3) , using CPC-/-group as the comparator, PFS and OS was significantly inferior in CPC+/-(P=0.020 and 0.009 for PFS and OS, respectively) and CPC +/+ or -/+ groups (P<0.001 for both PFS and OS). Presence of high-risk cytogenetics by FISH and PCLI greater than 1 at diagnosis also retained their independent prognostic impact for OS on MVA.
Data on clonal CPCs at day 100 post transplant was available in 213 out of 247 patients. A total of 10 (4.7%) patients had detectable CPCs on day 100, with the median number of CPCs being 770/150,000 total collected events (range 32-118,285). This included 6 patients with incomplete resolution of pre-transplant CPCs and 4 patients with emergence of new CPCs after transplant. The median PFS in these 10 patients with clonal CPCs on day 100 was 5. 
Impact of maintenance therapy
A total of 88 (36%) patients had received post-transplant maintenance therapy. PI-based maintenance was received by 13%, IMiD-based 20% and both PI and IMiD-based therapy was received by 2% of patients after ASCT. The Kaplan-Meier curves for PFS in the 3 groups (CPC-/-, CPC+/-and CPC+/+ or -/+) stratified by receipt of maintenance therapy are shown in Figure 2 . Improvement in PFS with administration of post-transplant maintenance therapy was demonstrated only in the group with complete resolution of CPCs (CPC+/-) after induction therapy (median PFS, 27 vs. 22 months with maintenance vs. no maintenance, respectively; P=0.029). There was no statistically significant difference in OS noted between groups.
Discussion
Our study shows that in patients with clonal CPCs at diagnosis, complete eradication of CPCs after induction therapy is associated with a marked improvement in PFS and OS from transplant. However, their survival is still inferior compared to patients with no detectable CPCs at diagnosis and prior to ASCT. Furthermore, in patients with incomplete resolution of CPCs after induction therapy with PIs and/or IMiDs, 5-year OS rate from ASCT is only 43%. The prognostic impact of kinetics of CPCs before induction and before ASCT was independent of other known prognostic variables, including ISS stage, high-risk FISH cytogenetics, LDH at diagnosis and pretransplant response by IMWG criteria. Interestingly, among patients with CPCs at diagnosis, administration of post-transplant maintenance therapy led to PFS improvement only in the group with complete eradication of CPCs Kinetics of circulating plasma cells in myeloma haematologica | 2017; 102 (8) 1443 after induction therapy which signifies that resistance of clonal CPCs to induction therapy cannot be overcome by maintenance.
Evaluation of CPCs for assessing disease burden in MM is emerging as an attractive modality for non-invasive risk stratification and response assessment. However, it has not been evaluated in prospective studies. The presence of CPCs in newly diagnosed MM has been shown to predict an inferior PFS and OS in various retrospective studies, independent of the cytogenetic risk status at diagnosis. 1, 3, 7, 15 However, a uniform cut off for CPCs cannot be ascertained, primarily due to the heterogeneity of flow cytometry techniques used across studies. Using a highly sensitive next-generation flow cytometry method 9 with the median limit of detection being 3x10 -6 , clonal CPCs have been detected in 60% of patients with monoclonal gammopathy of unknown significance, 75% with smoldering MM, 96-100% of patients with newly diagnosed MM, and 85% with relapsed/refractory MM. 8, 16 The authors in the study by Burgos et al. 8 also reported a 100% concordance in FISH-defined cytogenetic abnormalities in 10 paired BMPC and CPC analysis and 75% concordance in gene expression profiling signatures, based on paired data on BMPCs and CPCs in 12 patients. Another study by Lohr et al. on genomic characterization of CPCs in 24 MM patients showed the co-existence of several targeted mutations in BMPCs and CPCs. However, in 3 of 24 patients, the proportion of clonal CPCs harboring TP53R273C, BRAFG469A and NRASG13D was significantly higher compared to that of clonal BMPCs harboring similar mutations. 17 Interestingly, in another study in relapsed MM, there was a lack of concordance in the mutational profile in all 6 patients among BMPCs, CPCs and clonal PCs from extramedullary (EM) plasmacytomas. The somatic mutational burden in BMPCs, CPCs and EM PCs was 75%, 77% and 85%, respectively (P=0.07), likely indicating independence from the bone marrow microenvironment in myeloma cells with increasing mutational burden. 18 It would be interesting to explore the mutational profile of CPCs at several time points in the course of illness to identify the dynamics of clonal evolution.
There was no significant difference in the frequency of FISH-defined high-risk cytogenetic abnormalities between groups in our study. However, patients with CPCs at diagnosis had a higher frequency of harboring t(11;14) compared to those with no CPCs (34 vs. 19%; P=0.033). t(11;14) is known to be more prevalent in patients with primary plasma cell leukemia (PCL) (25-65%) compared to those with newly diagnosed MM (15%). 19 Although the frequency of t(11;14) was higher in patients with incomplete resolution of CPCs compared to those with complete eradication after induction therapy (40% vs. 29%, respectively), this difference was not statistically significant (P=0.209). Conversely, the incidence of hyperdiploidy (HRD) was lower in patients with CPCs at diagnosis compared to those without (33% vs. 52%, respectively; P=0.005). HRD as a primary cytogenetic abnormality is extremely rare in primary PCL (0-9%), compared to a prevalence of 50% or more in newly diagnosed MM. 19 In our study, 82 out of 127 patients with CPCs at diagnosis had complete resolution after induction therapy with PI and/or IMiDs and this subgroup also achieved PFS benefit from PI/IMiD-based post-transplant maintenance therapy, indicating greater chemosensitivity of the CPC clone in this subgroup. This also highlights the heterogeneity in sensitivity to induction therapy among clonal CPCs present at diagnosis. Patients with incomplete resolution of CPCs after induction therapy, who subsequently achieved complete clearance by day 100 of ASCT still had an inferior OS (5-year OS rate, 48%) compared to those with complete resolution of CPCs after induction (5-year OS rate, 70%). Only 3 of 247 patients in our study had no CPCs at diagnosis followed by emergence of new CPCs after induction therapy. With serial CPC monitoring by higher sensitivity flow cytometry methods, this number might increase and reflect subclonal evolution of PCs developing anchorage independence and growth potential outside of the bone marrow microenvironment under therapeutic and immunological pressure.
This study has limitations. The flow cytometry technique employed was not highly sensitive, as demonstrated by the detection of CPCs in only 51% of newly diagnosed patients, compared to 96% with next-generation flow technology. 8 With the use of homogeneous high-sensitivity flow cytometry techniques, the impact of quantitative cut offs for decrease in CPCs after induction therapy on survival should be explored, ideally in the setting of clinical trials. Some recent studies have also shown downregulation of CD138 expression on CPCs, 20, 21 hence CD138-independent strategies should be employed to identify CPCs in MM. Furthermore, there were significant differences in induction regimens received across different groups and the groups were not well balanced in relation to LDH at diagnosis. However, CPC kinetics retained its independent prognostic impact on multivariate analysis.
To the best of our knowledge, this is the first study to demonstrate the independent prognostic value of serial assessment of CPC burden on multivariate analysis in newly diagnosed MM patients undergoing early ASCT. Furthermore, it also shows that post-transplant maintenance did not offer any PFS benefit to patients who did not achieve complete eradication of clonal CPCs at the end of induction therapy. Flow cytometry of peripheral blood for CPCs is a non-invasive and cost-effective technique which can be easily employed in resource-limited settings to assess disease burden outside of the bone marrow. Future prospective studies using highly sensitive methods for detection of CPCs should incorporate several time points to explore impact on survival and establish a predictive marker for maintenance therapy. However, the findings presented here provide additional evidence the already established role of CPCs as a prognostic marker in myeloma.
